ABSTRACT: Three studies evaluated the effects of added dietary salt on growth performance of pigs weighing 7 to 10, 11 to 30, and 27 to 65 kg. In experiment 1, 325 pigs were used with 5 pigs per pen and 13 pens per treatment. Pigs were fed a diet (0.39% Na and 0.78% Cl) for 7 d after weaning, then randomly assigned to diets with either 0, 0.20, 0.40, 0.60, or 0.80% added salt for 14 d. All diets were corn-soybean meal-based with 10% dried whey. Calculated Na concentrations were 0.11, 0.19, 0.27, 0.35, and 0.43% and calculated Cl concentrations were 0.23, 0.35, 0.47, 0.59, and 0.70%, respectively. Increasing salt increased (linear, P < 0.05) average daily gain (ADG) and gain to feed ratio (G:F). For ADG, the linear, quadratic polynomial (QP), and broken-line linear (BLL) models were competing with the breakpoint for the BLL at 0.59% salt. For G:F, the BLL reported a breakpoint at 0.33% while the QP indicated maximum G:F at 0.67% added salt. In experiment 2, 300 pigs were used in a 34-d trial with 5 pigs per pen and 12 pens per treatment. Pigs were weaned at 21 d of age and fed a phase 1 diet (0.50% Na and 0.67% Cl) for 11 d and then a phase 2 diet (0.35% Na and 0.59% Cl) for 14 d. Then pens of pigs were randomly assigned to corn-soybean meal-based diets containing 0.20, 0.35, 0.50, 0.65, or 0.80% added salt. Calculated dietary Na concentration were 0.10, 0.16, 0.22, 0.28, and 0.34% and calculated Cl concentrations were 0.23, 0.32, 0.41, 0.50, and 0.59%, respectively. Overall, ADG and G:F increased (quadratic, P < 0.07) with increasing added salt. For ADG, the QP and BLL had similar fit with the breakpoint for BLL at 0.51% added salt. For G:F, the BLL model predicted a break point at 0.35% added salt. In experiment 3, 1,188 pigs were used in a 44-d study with 27 pigs per pen and 11 pens per treatment. Pens of pigs were randomly assigned to corn-soybean meal-based diets containing 0.10, 0.33, 0.55, or 0.75% added salt. Calculated dietary Na concentrations were 0.10, 0.19, 0.28, and 0.36% and calculated Cl concentrations were 0.23, 0.36, 0.49, and 0.61%, respectively. Overall, there was no evidence to indicate that added salt above 0.10% of the diet affected growth. In conclusion, the BLL models suggested to maximize ADG for 7 to 10 and 11 to 30 kg pigs was 0.59% (0.34% Na and 0.58% Cl) and 0.51% added salt (0.22% Na and 0.42% Cl), respectively. There was no evidence that growth of 27 to 65 kg pigs was improved beyond 0.10% added salt (0.11% Na and 0.26% Cl).
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Sodium and chloride are ions that serve several key roles in the body. Both ions are involved in acidbase balance. Sodium is a cation that is involved in the sodium potassium pump, nerve impulse, and muscle contraction. Chloride is anion that regulates osmotic pressure and is a component of HCl, which is critical in digestion. The NRC (1998) requirement estimate for Na and Cl were 0.20% and 0.20% for 5 to 10 kg pigs, 0.15% and 0.15% for 10 to 20 kg pigs, and 0.10% and 0.08% for 20 to 80 kg pigs. Mahan et al. (1996) evaluated Na and Cl requirements independently in corn-soybean meal diets with 20% dried whey and observed that average daily gain (ADG) increased up to a dietary Na concentration of 0.34% in 7 to 8 kg pigs and a dietary Cl concentration of 0.50% in 6 to 9 kg pigs. In two separate studies, Mahan et al. (1999) evaluated Cl concentrations by adding HCl to the diet. ADG improved up to a dietary Cl concentration of 0.32%. Mahan et al. (1999) also noted improvements in ADG of 7 to 15 kg pigs up to a dietary addition of 0.40% salt (0.36% Na and 0.49% Cl) in corn-soybean meal diets containing lactose and spray-dried animal plasma.
Based on the observations of Mahan et al. (1996 Mahan et al. ( , 1999 and others, the NRC (2012) increased the Na and Cl requirement estimates to 0.35 and 0.45% for 7 to 11 kg pigs, 0.28 and 0.32% for 11 to 25 kg pigs, and 0.10 and 0.08% for 25 to 75 kg pigs. Sodium bicarbonate, sodium tripolyphosphate, ammonium chloride, and HCl are sources of Na and Cl that have been used to establish the Na and Cl requirement; however, in commercial diets the most common source of Na and Cl is added salt. Currently there is limited research to confirm the Na and Cl requirement estimates of modern genotype pigs and effects of added salt. Therefore, the objective of these experiments was to evaluate added salt on the growth performance of nursery pigs weighing 7 to 10 and 11 to 30 kg and grower pigs weighing 27 to 65 kg.
MATERIALS AND METHODS
The Kansas State University Institutional Animal Care and Use Committee approved the protocols used in these experiments.
Experiment 1
A total of 325 barrows (Line 200 × 400; DNA, Columbus, NE, initially 6.6 ± 0.15 kg body weight [BW] ) were used in a 21-d growth trial with 5 pigs per pen and 13 pens per treatment. Pigs were weaned at 21 d of age and were randomly allotted to pens of 5 based on their initial BW. Pigs were fed a common diet (0.39% Na and 0.78% Cl) for 7 d after weaning. On day 7 after weaning, considered day 0 in the trial, pens of pigs were blocked by BW and then randomly assigned one of five dietary treatments fed for 14 d. The dietary treatments were corn-soybean meal-based with 10% dried whey. They included a diet with no added salt, or diets with either 0.20, 0.40, 0.60, or 0.80% added salt; resulting in calculated Na concentration of 0.11, 0.19, 0.27, 0.35, and 0.43% and calculated Cl concentrations of 0.23, 0.35, 0.47, 0.59, and 0.70%, respectively (Table 1) . Nutrient profiles, amino acid standardized ileal digestibility values as well as Na and Cl concentrations were derived from NRC (2012). Pigs were then fed a common diet from day 14 to 21 (0.16% Na and 0.34% Cl). Pens of pigs were weighed and feed disappearance was recorded weekly to determine ADG, average daily feed intake (ADFI), and gain to feed ratio (G:F).
The study was conducted at the Kansas-State University Segregated Early Weaning Facility in Manhattan, KS. Each pen (1.22 × 1.22 m) was equipped with a 4-hole, dry self-feeder and a nipple waterer to provide ad libitum access to feed and water. The source of drinking water was from a municipal water system. It was not analyzed for Na or Cl content. Diets were manufactured at the K-State O.H. Kruse Feed Technology Innovation Center, Manhattan, KS. Soybean meal, salt, and L-Lysine-HCl samples were collected at the mill at the time of feed manufacturing, pooled, and subsampled for chemical analysis. The 0 and 0.80% added salt diets were manufactured then blended to create the intermediate diets. Feed samples were collected from eight feeders per treatment, pooled, and subsampled for chemical analysis.
Experiment 2
A total of 300 pigs (Line 241 × 600; DNA, Columbus, NE; initially 11.3 ± 0.21 kg BW) were used in a 34-d trial with 5 pigs per pen and 12 pens per treatment. Pigs were weaned at 21 d of age and were allotted to pens based on their initial BW. All pigs were fed a common phase 1 diet (0.50% Na and 0.67% Cl) for 11 d and then a common phase 2 diet (0.35% Na and 0.59% Cl) for 14 d. At day 25 after weaning, considered day 0 of the trial, pens of pigs were blocked by BW and then randomly assigned to one of five diets which were fed for 27 d. Dietary treatments were corn-soybean meal-based and contained either 0.20, 0.35, 0.50, 0.65, or 0.80% added salt (Table 2 ). This resulted in calculated dietary Na concentrations of 0.10, 0.16, 0.22, 0.28, and 0.34% and calculated Cl concentrations of 0.23, 0.32, 0.41, 0.50 , and 0.59%, respectively. Pigs were then fed a common diet from day 27 to 34 (0.16% Na and 0.29% Cl). Pens of pigs were weighed and feed disappearance was recorded weekly to determine ADG, ADFI, and G:F.
This study was conducted at the Kansas-State University Swine Teaching and Research Center in Manhattan, KS. Each pen (1.2 × 1.5 m) was equipped with a 4-hole, dry self-feeder and a nipple waterer to provide ad libitum access to feed and water. The source of drinking was the same as in experiment 1. Diets were manufactured at the K-State O.H. Kruse Feed Technology Innovation Center. Sodium and Cl values for ingredients that were determined in experiment 1 were used in diet formulation. Feed samples were collected from eight feeders per treatment, pooled, and subsampled for analysis.
Experiment 3
A total of 1,188 pigs (PIC 359 × 1050; initial BW 27.1 ± 0.95 kg) were used in a 44-d trial with 27 pigs per pen and 11 pens per treatment. Pigs were blocked by BW and then randomly assigned to one of four dietary treatments that were fed for 44 d. Dietary treatments were corn-soybean meal-based and contained either 0.10, 0.33, 0.55, or 0.75% added salt (Table 3 ). This resulted in calculated dietary Na concentrations of 0.10, 0.19, 0.28, and 0.36% and calculated Cl concentrations of 0.23, 0.36, 0.49, and 0.61%, respectively. Pens of pigs were weighed and feed disappearance was recorded on day 0, 16, 31, and 44 to determine ADG, ADFI, and G:F.
This study was conducted at a commercial research-finishing site located in southwest Minnesota (New Horizon Farm, LLC, Pipestone, MN). Pigs were housed in a naturally ventilated and double-curtain-sided barn. Each pen (3 × 5.5 m) contained a 4-hole stainless steel feeder and cup waterer for ad libitum access to feed and water. Source of drinking water was from well water and not analyzed for Na or Cl. Feed additions to each individual pen were made and recorded by a robotic feeding system (FeedPro; Feedlogic Corp., Wilmar, MN). Experimental diets for experiment 3 were manufactured at New Horizon Feed LLC. Dried distillers grain with solubles samples were collected at the mill, pooled, and subsampled for analysis prior to manufacturing the dietary treatments. Like experiment 2, Na and Cl concentrations from ingredients determined in experiment 1 were used in formulation. Feed samples from six feeders per treatment were collected at the beginning and the end of the trial, pooled, and subsampled for analysis.
Chemical Analysis
Feed samples for experiment 1 and dried distillers grain with solubles samples and feed samples for experiment 3 were submitted for analysis of Na and Cl (Ward Laboratories, Kearney, NE). Sodium samples were prepared by removing organic matter and lipids with HNO 3 , HCl, and H 2 O 2 (Campbell and Plank 1991; Wolf et al., 2003) and samples were then analyzed for Na via inductively coupled plasma spectroscopy (Kovar, 2003) . Dietary Cl concentrations were determined by titrating sliver nitrate until all Cl ions are precipitated and then detecting the concentration of free sliver ions using a Metrohm 855 Robitic Titrosampler and a Metrohm 6.0430.100 Ag Titrode (Metrohm USA Inc, Riverview, FL, AOAC 969.10, 2000; Kalra et al., 1991; Mills et al., 1991) . Soybean meal, L-Lys-HCl, salt, and feed samples for experiment 2 were submitted to Cumberland Valley Analytical Service (Maugansville, MD) for analysis of Na and Cl. Sodium within each sample was analyzed following procedures outlined by AOAC (2000) . To analyze samples for Cl samples were prepared with nitric acid and then analyzed using a Metrohm 848 Titrono Plus (Metrohm USA Inc, Riverview, FL). Standard procedures from AOAC (2006) were followed for analysis of moisture (Method 934.01), and crude protein (Method 990.03; K-State Analytical Laboratory, Manhattan, KS).
Statistical Analysis
Data for all experiments were analyzed as a randomized complete block design with body weight as the blocking factor. An initial model was evaluated for each experiment where dietary treatment was considered as a categorical fixed effect and block was considered a random effect with pen as the experimental unit. Models were evaluated separately for individual experiments. The base model was used to evaluate the heterogeneity of residual variance using Bayesian Information Criteria (BIC) to determine the best fit. For experiment 1, heterogenous variance was used for ADFI and G:F while homogenous variance was used for ADG. For experiment 2, heterogenous variance was used for ADG and G:F while homogenous variance was used for ADFI. For G:F, block was removed from the model as it did not contribute to the model fit but degrees of freedom were adjusted manually to account for the degrees of freedom contributed by block. Linear and quadratic polynomials (QP) were used to evaluate increasing salt. For experiments 1 and 2, added salt dose response curves were predicted using PROC GLIMMIX and PROC NLMIXED to optimize ADG, ADFI, and G:F following the procedure outlined by Gonçalves et al. (2016) . The dose response models that were evaluated were linear, QP, broken-line linear (BLL), and broken-line quadratic. Bayesian Information Criterion was used to determine best fit, with a decrease in two or more points indicating a better fit of the model (Raftery, 1996) . As with the base model, heterogeneous variance was accounted for where appropriate. Individual pen means and the response curves were plotted for the best fitting models. For the BLL models, the breakpoints and 95% CI are reported. For the QP model, the maximum response and 95% CI are reported. The CI was calculated by plotting the regression equation with the 95% CI across the doses and projecting the maximum response across the y-axis using a horizontal line. The intersection between the horizontal line and CI boundaries of the predicted line is then projected onto the x-axis to estimate the CI of the optimum dose level (Gonçalves et al., 2016) .
RESULTS AND DISCUSSION
Chemical Analysis
Chemical analysis of the salt sample indicated a Na concentration of 40.26% and a Cl concentration of 58.72%, which would be similar to the NRC (2012) Na and Cl concentration estimates of 39.5% and 59% (Table 4) . Analysis of the L-LysHCl samples indicated a Na concentration of 0.01% and a Cl concentration of 19.37%. Results of the chemical analysis indicated a Na concentration of 0.22% and a Cl concentration of 0.19% for dried distillers grain with solubles. The Na and Cl concentration of the soybean meal sample was 0.01% and 0.02%, respectively. The NRC (2012) Na and Cl concentration estimate for soybean meal is 0.08% and 0.49% while the NRC (1998) Na and Cl concentration estimate for soybean meal is 0.02% and 0.05%. While the Na concentration of the soybean meal sample (0.01%) is similar to NRC (2012) and NRC (1998) concentration estimates, the Cl concentration (0.02%) of soybean meal is significantly less than NRC (2012) concentration estimate of 0.49%. Ingredients were not analyzed in advance of diet formulation in experiment 1; however, the diets in experiments 2 and 3 used the results of the analyses of experiment 1 in diet formulation.
For experiment 1, chemical analysis of diets indicated that analyzed values for Na and Cl were similar to calculated values with dietary Na concentrations ranging from 0.09% to 0.40% and dietary Cl concentrations ranging from 0.23% to 0.72% (Table 5) . Results for experiment 2 closely matched calculated concentrations except for the 0.80% added salt diet, which was slightly lower in Na and Cl when compared to calculated concentrations (Table 6 ). Diets contained increasing Na concentrations that ranged from 0.11% to 0.30% and Cl concentrations that ranged from 0.23% to 0.50%. For experiment 3, analyzed Na and Cl concentrations were similar to calculated values with dietary Na concentration ranging from 0.11% to 0.34% and dietary Cl concentrations ranging from 0.26% to 0.61% (Table 3) .
Experiment 1
From day 0 to 14, increasing salt increased (linear, P < 0.015) ADG, ADFI, and day 14 BW (Table 7) . Despite the linear response, there were only small improvements observed beyond 0.60% added salt. Gain to feed increased (quadratic, From day 14 to 21, when pigs were fed a common diet with 0.35% added salt, those previously fed low salt diets appeared to have compensatory ADG and G:F (linear, P < 0.013) compared with those previously fed high salt diets. There was no evidence of difference to indicate that previous dietary treatments influenced ADFI or day 21 BW.
For ADG, the linear, QP, and BLL models were competing with similar BIC. Based on the results of the BLL and QP models, the inclusion concentration in which maximum performance was obtained was 0.59% (BLL) and 0.90% (QP) added salt for ADG, 0.86% (QP) added salt for ADFI, and 0.33% (BLL) and 0.67% (QP) for G:F. If the goal of production system was to capture maximum ADG while maintaining G:F then the QP models would indicate the optimal salt inclusion to be between 0.67% and 0.90% added salt. However, 0.59% added salt would still obtain 97% of the ADG and G:F performance based on the QP ADG and G:F model. An inclusion of 0.59% added salt would result in diets that would have a Na concentration of approximately 0.34% and Cl concentration of 0.58%.
A dietary Na concentration of 0.34% would agree with the NRC (2012) requirement estimates of 0.35% while a Cl concentration of 0.58% would be greater than the Cl requirement estimate of 0.45% for the 7 to 11 kg pig. In two studies evaluating Na and Cl independently with Na 2 PO 4 and HCl in corn-soybean meal-based diets that also contained dried whey, Mahan (1996) observed improvements in growth performance up to a dietary Na concentration of 0.34% in 7 to 8 kg pigs and a dietary Cl concentration of 0.50% in 6 to 9 kg pigs. Mahan et al. (1999) did not observe an interaction between Na and Cl, sourced from Na 2 PO 4 and HCl in corn-soybean meal diets with lactose and spray dried animal plasma; however, ADG increased with increasing dietary Cl concentrations up to 0.45% in 7 to 11 kg pigs. In a different study, HCl was used to evaluate Cl concentrations in a corn-soybean meal diet with lactose and spray dried animal plasma (Mahan et al., 1999) . ADG improved up to a dietary Cl concentration of 0.32%. Considering both of these trials, a Cl concentration of 0.32% to 0.45% would be significantly lower than the 0.58% Cl which corresponded to the optimal salt inclusion concentration (0.59% added salt) observed in our experiment. However, it is important to remember that in the study herein, Na and Cl concentrations were not evaluated independently as added salt was the source for both ions. Mahan et al. (1996) observed a quadratic response to added salt with improvements in ADG up to 0.40% added salt (0.44% Na and 0.51% Cl) in corn-soybean meal diets with 20% spray dried whey for 7 to 9 kg pigs. Mahan et al. (1999) also suggested 0.40% added salt (0.36% Na and 0.49% Cl) in a corn-soybean meal diet with lactose and spray dried animal plasma was needed to maximize growth of 7 to 15 kg pigs. The addition of 0.40% salt is lower than the calculated optimal inclusion observed in our study of 0.59% (0.34% Na and 0.58% Cl); but because of the added spray dried animal plasma and the higher inclusion of dried whey used in their studies, the actual Na and Cl concentrations are similar.
Experiment 2
From day 0 to 14, ADG and ADFI increased (quadratic, P < 0.001 and 0.089) as added salt increased from 0.20% to 0.65%, with no further benefits observed thereafter (Table 8 ). Gain to feed ratio and day 14 BW increased (quadratic, P < 0.029 and 0.088) with increasing added salt.
From day 14 to 27, there was no evidence of difference to indicate dietary treatment affected ADG. ADFI improved (linear, P < 0.015) with increasing added salt and G:F tended (linear, P < 0.084) to slightly worsen with increasing salt with the optimal G:F obtained with 0.50% added salt diet.
From day 0 to 27, ADG improved (quadratic, P < 0.005; Table 9 ) as added salt increased from 0.20% to 0.80%, with the greatest marginal improvement observed from 0.20% to 0.50% added salt. ADFI increased (linear, P < 0.001) with increasing added salt. Gain to feed ratio and day 27 BW tended (quadratic, P < 0.064 and 0.088, respectively) to increase from 0.20% to 0.80% added salt with the greatest incremental benefit up to 0.50% added salt. From day 27 to 34, when pigs were fed a common diet, there was no evidence to indicate previous dietary treatments affected ADG. However, pigs previously fed increasing salt had increased ADFI (linear, P < 0.001) and poorer (linear, P < 0.001) G:F.
For ADG, the QP and BLL models were competing with similar BIC. While independently evaluating Na and Cl with 8.5 to 19.7 kg pigs, observed improved ADG up to a Na concentration of 0.11% and no improvements beyond Cl concentration of 0.10% in corn-soybean meal diets with added ammonium chloride and sodium tripolyphospahtae. A Na and Cl concentration of 0.11% and 0.10%, respectively would be significantly lower than the Na (0.22%) and Cl (0.42%) concentration associated with 0.51% added salt. However, in the present experiment, salt was used instead of ammonium chloride and triployphosphate. Also, the models predicting the optimal salt inclusion are based on the BW range of 11.3 to 30.4 kg pigs whereas the BW range of the pigs in the experiment conducted by was 8.5 to 19.7 kg. observed improvements in ADG up to 0.13% added salt in corn-soybean meal diets for 12 to 24 kg pigs and 0.14% added salt in diets for 17 to 32 kg pigs. Alcantara et al. (1980) also observed improvements in ADG up to 0.14% added salt (0.089% Na) in 9.5 to 25.0 kg pigs. A Na concentration of 0.089% would be significantly lower than the 0.22% Na associated with 0.51% added salt and would be significantly lower than the optimal salt inclusion determined in our experiment.
Experiment 3
From day 0 to 44, there was no evidence of difference to indicate that ADG, ADFI, G:F or d 44 BW improved beyond 0.10% added salt (Table 9 ). According to the chemical analysis, the 0.10% added salt diet had a Na concentration of 0.11% and a Cl concentration of 0.26%. A Na concentration of 0.11% would be similar to the NRC (2012) Na estimate for 25 to 75 kg pigs (0.10%). A Cl concentration of 0.26% would be significantly greater than the NRC (2012) requirement estimate for 25 to 75 kg pigs (0.08%). noted improvement in ADG of 36 to 89 kg pigs up to Cl concentration of 0.18% and no improvements beyond a Na concentration of 0.08%, in corn-soybean meal diets with added sodium tripolyphosphate and ammonium chloride. A Na concentration of 0.18% would be slightly greater than the Na concentration of 0.11% in our lowest added salt diet. A Cl concentration of 0.08% would be significantly lower than the Cl concentration of the 0.10% added salt diet (0.26%). Previous research conducted by Alcantara et al. (1980) indicted an optimal inclusion of 0.08% salt (0.065% Na) in diets for 25 to 50 kg pigs, which is similar to the optimal level observed in our experiment. also observed an optimal level of 0.10% added salt in diets for 18 to 91 kg pigs.
The NRC (2012) Na and Cl estimates are based on the results of Na, Cl, and added salt studies. By independently evaluating Na and Cl, researchers have been able to predict the requirement estimate of the pig for each ion independently. It is important to note that in our studies Na and Cl were not independently evaluated but rather in the form of added salt. In added salt diets, Na could be considered the limiting ion because the Na and Cl requirements are similar and salt is composed of approximately 39% Na and 61% Cl. Because Na is the limiting ion, a lower inclusion of salt is needed to meet the Cl requirement but a higher inclusion is needed to meet the Na requirement. Thus, if the NRC (2012) Na and Cl estimates are accurate, optimal amounts of salt will meet the pig's Na requirement and exceed the Cl requirement. This would suggest that when titrating added salt, performance will increase with increasing Na and Cl concentrations until the Cl requirement of pig is met and then any additional performance observed would be due to meeting the pig's Na requirement. This is supported by results of our study in which the diets that met the NRC (2012) Na requirement estimate and exceeded the Cl requirement estimate for the appropriate BW range had optimal growth performance compared to diets that were deficient in Na or Cl.
In conclusion, the BLL models for ADG suggest pigs weighing 7 to 10 and 11 to 30 kg, required 0.59% (0.34% Na and 0.58% Cl) and 0.51% added salt (0.22% Na and 0.42% Cl), respectively. There was no evidence to indicate that growth of 27 to 65 kg pigs was improved beyond 0.10% (0.11% Na and 0.26% Cl) added salt.
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